Charge generation at the interfaces of gas-insulated switchgear or gas-insulated lines is mostly studied from a macroscopic point of view. Integral current measurements are a common method to determine the average inception field strengths and intensities of micro discharges. However, because of the lack of spatial resolution and measurement sensitivity, these experiments do not provide deeper insights on the microscopic processes. By applying surface potential measurement techniques, studying the charge generation of single interface protrusions and drawing conclusions relative to their spatial distribution have become possible. This paper presents a spatially resolved analysis of charge-generation processes at rough aluminum electrodes and insulating interfaces. The results reveal a highly inhomogeneous charge generation at the interfaces even for electric fields below 6 kV/mm. Analyzing the charge generation from a macroscopic perspective has been demonstrated to possibly underestimate the local charge generation by up to three orders of magnitude. Using sulfur hexafluoride (SF 6 ) as the insulation gas at 0.45 MPa and Al 2 O 3 -filled epoxy resin insulators, the inception field strength for charge generation at the insulating interface is measured to be 3 kV/mm. For a technical insulation system that includes both a rough aluminum electrode and an insulating interface, significant discharge intensities are observed at a 5-kV/mm electric field. From these results, micro discharges are expected to be highly relevant for dimensioning of gas-insulated devices.
INTRODUCTION
MOST studies on charge generation and transport in gasinsulated devices discuss interface processes from a macroscopic point of view. This approach is due to either the sensitivity limits of classical current measurement techniques or the preference for an average problem definition that can easily be applied for the dimensioning of gas-insulated devices. Whereas this approach might be reasonable for processes in gaseous or solid insulation volumes exposed under normal operation to electric fields far below the critical conditions, its applicability to interfaces is questionable. The inception of charge generation and its intensity at the micro protrusions of rough surfaces might significantly differ from those in the insulation volumes [1] [2] [3] . Moreover, large differences in charge generation from one micro protrusion to another are expected to occur. A macroscopic view, which averages the discharge activity over a certain surface area, without knowing its spatial distribution, might significantly underestimate the local insulation stress [1, 4] .
Micro discharges at rough electrodes and insulator surfaces have been characterized as among the main challenges when dimensioning gas-insulated high-voltage direct current (HVDC) devices [3, 5, 6] . To prevent field enhancements that exceed the electric strength, e.g., either in voltage-polarity reversals or transient overvoltages, controlling the charge accumulation at the insulating interfaces is highly relevant [7-9, 24, 25] . The directional electric field transports any charge that is not neutralized in its trajectory to the internal and external boundaries of the insulation system. This process sets the focus on any charge generation-which is, in a physically correct sense, a charge separation or injection-electrically connected via field lines to the insulator surfaces. Inhomogeneous charge generation in rough metallic components such as enclosures, field shieldings, or conductors and from the insulators themselves might cause a highly inhomogeneous and therefore potentially critical surface charge pattern [3] . From this condition, the following questions can be raised.
1. Are micro discharges at interfaces significant for the dimensioning of gas-insulated HV devices? 2. If yes, is it technically reasonable to model charge generation from micro protrusions at rough interfaces with a field-dependent but spatially homogeneous current density? 3. Are both electrodes and insulator surfaces potential sources of micro discharges and is the charge generation be considered more critical at the anodes or cathodes of an insulation system? The present study presents a spatially resolved analysis of the interface processes in both technically rough metal electrodes and non-conductive surfaces of Al 2 O 3 -filled epoxy resin insulators. The interfaces, installed under a 0.45-MPa sulfur hexafluoride (SF 6 ) atmosphere, were exposed to electric fields ranging from 1 to 6 kV/mm and investigated under both voltage polarities. To also address the long-time behavior of such insulation systems, experiments with charging periods that ranged up to 400 h were performed. Figure 1 shows the highly sensitive current-measurement setup constructed to investigate the charge generation at interfaces [10] . Here, either a polished or roughened HV electrode was installed at a 4-mm distance from a 4-mm-thick insulating sample made of Al 2 O 3 -filled epoxy resin. During the experiments, HVDC was applied to the metal electrode, and the epoxy sample was grounded (GND) at the bottom side. This setup applies, from macroscopic point of view, a homogeneous electric field between the HV and GND potential. However, because of micro protrusions or other field distortions, e.g., due to permittivity gradients, local field enhancements might occur at the interfaces. To determine the charges generated over time for a series of charging intervals, the two-dimensional surface potential distribution at the gas side of the sample surface was scanned without contact using an electrostatic probe (Trek 341B). For spatial resolution of 0.1 × 0.1 mm 2 , the corresponding surface charge densities and their time derivatives, which provided the current densities averaged over the time interval between two surface potential scans, were calculated using the inverse model introduced in [10] .
MEASUREMENT SETUP
Charges, which were unipolar with respect to the applied voltage, e.g., positive charges generated at the HV electrode for a positive applied voltage, drifted through the gas volume and accumulated at the sample surface. Thus, projection of their sources was formed at the scanned surface. Additionally, charges which were bipolar relative to the applied voltage, i.e. negative charges for positive applied voltage, drifted to the HV electrode and could have left their counterparts behind. These charges could have also contributed to the surface charge pattern. By rotating the sample before charging around the axis of symmetry, the observed charge peaks could be directly assigned to charge generation at the sample surface or at the HV electrode. In case the charge location measured at the sample was found to be independent from the sample rotation, the charge source could be located at the sample surface. However, the opposite could be true for projections that shifted at the sample surface. Figure 2 shows images of a sandblasted aluminum electrode obtained using a scanning electron microscope (SEM). The electrode was shaped in a Rogowski profile with a 35-mm radius and field optimized at a 25-mm electrode distance. The roughness measurements of a reference sample revealed an arithmetical mean deviation (R a ) of 1.38 µm and a maximum profile height (R t ) of 13.3 µm. By comparing the rough electrode finish with the surface structure of the investigated samples, as shown by the left figure in Figure 3 and [11] , we conclude that the insulating surface appeared significantly smoother than the sandblasted electrode. The sample was covered by a thin epoxy film that is seldom punctuated by Al 2 O 3 particles, forming scattered surface inhomogeneities. Beneath the top surface, by analyzing the backscattering electron (BSE) signal shown by the right figure in Figure 3 , a homogeneous and unagglomerated filler distribution was observed. In total, two samples were used: one for the measurements with the sandblasted aluminum electrode and one for all other experiments.
INVESTIGATED INTERFACES
Further experiments were conducted using a polished 45-mm-radius Rogowski electrode, which was field optimized at a distance of 5 mm. Thus, the charge emission from the HV electrode was designed to be suppressed to exclusively investigate the charge generation at the sample surface. 
EXPERIMENTAL RESULTS
To study the interface processes under technical conditions comparable with those existing in operating gas-insulated devices, a series of charging experiments were conducted. As explained in Section 2.1, either sandblasted aluminum or polished steel electrodes were used. The experiments were conducted at a constant temperature of 22 ±1°C that was controlled by the laboratory air-conditioning. The humidity inside the chamber was kept below 200 ppm v , using desiccant. For the humidity and temperature measurements, a combined capacitive relative humidity and temperature sensor (WIKA GDHT-20) and a dew-point mirror (MBW 973) were used. Before filling the insulation gas to the chamber, the setup was evacuated to a residual pressure of 10 Pa and the vacuum was maintained for at least 3 h. By optionally applying a positive or negative voltage, the surface charge accumulation at the sample surface was analyzed. The experiments were compared in terms of applied electrostatic field E ex , which was centrally derived below the HV electrode in the gas, without space and surface charges. Figure 4 shows the surface charge densities observed when a positive voltage of 23.55 kV was applied for over 400 h. For the chosen electrode distance of 4 mm, this voltage corresponded to E ex of 5 kV/mm in the gas. The measurements revealed a scattered charge distribution composed of 23 charge peaks, which were distributed over a surface area of 28.3 cm 2 . The peaks, separated by few millimeter distances, displayed a rather continuous charge accumulation over time. Within some time steps, the individual peaks revealed an enhanced growth rate, which temporarily provided them with more weight in the measured distribution until the other peaks adapted to their charge density. Within the first time interval, in addition to the primary bipolar charge accumulation, negative peaks were formed according to the applied voltage. The formation of unipolar peaks indicated the presence of inhomogeneous polarization or conduction processes in the bulk. These peaks did not grow to the same extent as the bipolar ones and therefore did not carry a significant weight for longer charging times. However, saturation of the unipolar charging peaks was also observed, which limited the positive charge densities to the maximum values around 400 pC/mm 2 . Repeating the experiments using a negative voltage polarity after fully discharging the sample revealed a significantly increased charging rate. Figure 5 shows that the charge peaks already reached their maximum within the first time steps and decayed for the rest of the 400-h period. In addition, the peak dimensions appeared to significantly expand with the change in the charging rate. 
SURFACE CHARGING EXPERIMENTS USING A SANDBLASTED HV ELECTRODE

SURFACE CHARGING EXPERIMENTS USING A
POLISHED HV ELECTRODE To focus on the charge-generation processes at the insulating sample surface, a polished Rogowski electrode was used to suppress the micro discharges and field emission at the HV side. For sample radii that were smaller than 35 mm and at an electrode distance of 4 mm, the electric field at the sample surface was simulated to be highly homogeneous. The experiments presented in this subsection were conducted using a different epoxy sample of the same composition compared with that employed in studies that used a sandblasted electrode.
Starting from 1 kV/mm, the electric field was stepwise increased up to an E ex value of 5 kV/mm by applying each voltage for a charging time of 12 h. Before each 1-kV/mm field increment, the sample was depolarized for 2 h by grounding and placing the HV electrode 150 mm away. The charging sequence was implemented once for each of the positive and negative voltage polarity while keeping the insulation system unchanged. Figure 6 shows the surface charge densities measured after each 12-h interval using positive HV. For an applied electric field of 1 kV/mm, the charge layer appeared to be mostly homogeneously distributed with slightly lower charge densities at the center of the sample. To make the micro structure of the surface charge distribution more visible, the color maps used for the plots were shifted toward these negative values. At the same field, a single negative peak, which was bipolar with respect to the applied voltage, was observed. Owing to their charge polarity, both phenomena could be attributed to polarization, charge transport, or charge generation in the bulk. We should note that the single charge peak disappeared within a 2-h break and before the subsequent field increase. Starting from an electric field of 3 kV/mm, further negative peaks were sporadically formed. At a higher field, the charge pattern revealed primarily positive peaks. From a 3-kV/mm field, scattered positive maxima first appeared, which could be attributed to charging from the gas side of the interface. Several of these peaks appeared either at positions where negative maxima were previously formed or close to them. A further increase in the electric field increased these peak maxima but also enabled rise in smooth negative charge layers, as observed in areas between the peaks.
To attribute the peaks either to charge generation from the epoxy sample or from the HV electrode, the experiments conducted using a 5-kV/mm field were repeated with the sample rotated by 180°. According to Section 2, peaks that were charged up independent of the sample orientation can be assigned to charge generation at the sample surface, and peaks mirrored to the sample center are expected to be formed by the same processes at the HV electrode. Most peaks charged independent of the sample orientation, and no other peak appeared. This result confirms the assumption that no charge generation took place at the polished electrode. We can conclude that the positive peaks, which were unipolar with respect to the applied voltage, originated from charge generation or field emission at the gas side of the sample surface.
The identical charging experiments using a negative voltage polarity shown in Figure 7 , which were sequentially conducted after discharging the sample, revealed charge distributions comparable to those derived earlier using a positive polarity.
Nevertheless, slightly lower charging rates were measured at the previous peak positions, and some peaks did not appear under negative HV. Similar to the previous experiments using a positive voltage corresponding to 1 kV/mm in the gas, peaks that were bipolar with respect to the applied voltage appeared. Similar to the previous assumption, these maxima were attributed to processes in the bulk. In contrast to the positive voltage polarity, a higher number of these peaks appeared, and they also showed up at slightly different positions from that of the previous experiments. Rotating the sample by 180° and repeating the 12-h charging interval with E ex of 5 kV/mm revealed that in addition to the further increase in the existing maxima, new maxima were formed. Additional peaks appeared at positions that could not be explained by the maxima measured before the sample rotation. Accordingly, we can possibly attribute these new peaks to one of the interfaces.
The appearance of the additional peaks raises the question on how continuous the charge generation takes place. Whereas the field condition required for charge injection or multiplication is supposed to be continuously fulfilled and neglecting the shielding effects due to charge accumulation in the first step, the processes of start electron supply and charge injection are expected to be highly statistical. Figure 8 shows the surface charge densities derived for E ex of 5 kV/mm using a positive polarity under various time intervals. Over the 12-h charging time, some maxima continuously appeared, whereas others only sporadically showed activities. At time equal to zero, a residual pattern, conserved from the previous experiment at 4 kV/mm, was measured. Interestingly, the negative peaks previously observed at 4 kV/mm have fully disappeared within the 2-h break before starting the current experiment and built up again within the subsequent first 4-h charging interval at 5 kV/mm. Following the measurement sequence using a negative voltage polarity, the sample was fully discharged. Using this condition, E ex of 6 kV/mm was applied first for positive and subsequently for negative voltage polarity. At each voltage polarity, the sample was charged both in the normal position and rotated by 180° for a period of 12 h. Compared with the previous experiments conducted using a positive voltage corresponding to E ex of 5 kV/mm, significantly higher charging rates were observed at 6 kV/mm. In contrast to this observation, some peaks that were formed at 5 kV/mm did not appear in the same time at 6 kV/mm. Changing the voltage polarity and continuing to charge the sample after a 2-h break without fully discharging the sample revealed similar charging activities at most of the previous peak positions. Thus, peaks that were formed using a positive voltage polarity reversed their charge polarity over the following time interval when a negative voltage was applied.
DISCUSSION
According to the current understanding of charge generation and conduction, mainly the processes in the insulation volumes are considered relevant to the dimensioning of gas-insulated devices [12] [13] [14] [15] . From the macroscopic perspective, the operating field strength is far below the conditions required to cause charge multiplication by impact ionization or field emission at the interfaces. However, the ion current measurements conducted in the technical fields using rough metal electrodes [16] [17] [18] or model spacers downscaled from gas-insulated equipment [3, 11] indicated charge-generation processes that cannot be explained by ion-pair generation from natural ionization of gas. Because of lack of spatially resolved information and the revealed field-dependent characteristic, the currents are mainly attributed to the charge generation from the interfaces and modeled using homogeneous current sources [6] .
The experiments presented in this paper contradict this model. A scattered surface charge pattern was measured for both charging experiments conducted using an applicationoriented rough HV electrode and those using a mirrorpolished one. The observed peaks, which were separated by distances of few millimeters, indicated that even from a macroscopic perspective, charge generation at the interfaces could not be explained by a homogeneous distribution. The micro discharges could rather be attributed to single-surface inhomogeneities, instead of wide interface areas. Thus, the results suggest that an interpretation of the ion current experiments in terms of homogeneously distributed charge source might strongly underestimate the local current densities. Figure 10 shows the position of the charge peaks derived from long-term charging experiments using a rough HV electrode, as presented in Section 0. The charge pattern reveals a large number of peaks scattered in distances of several millimeters over the sample surface. The distributions measured for the different voltage polarities appear similar but do not perfectly overlap. Whereas some charge sources appear to contribute only when a negative voltage was applied, others exclusively show activities for a positive voltage. Beyond this difference, significantly higher current densities were measured for the negative voltage polarity. To assign the charge generation based on these experiments either to processes in the rough aluminum electrode or at the insulating surface, a more detailed discussion of possible mechanisms to start the electron provision is required. Considering that for the investigated gas pressure and electric fields, gas ions are unable to cause impact ionization, three sources that supplied electrons as the starting point for discharge avalanches were considered [19] : a) electron detachment from negative ions that drifted from non-critical regions to the enhanced field areas [], b) direct electron provision from natural ionization in the critical volume [21] , e.g., in front of a micro protrusion, or c) field emission from the cathode [22] . When discussing the three sources that supplied electrons during the experiments, a), electron supply by detachment can be neglected at the cathodes as negative ions drift to the anode. For b), the dimensions of a protrusion were estimated to be capable of forming a critical gas volume that supplies continuous starting electrons within the investigated time steps [23] . For the calculation, an ion-pair generation rate of 25 IP cm -3 ꞏs -1 bar [10] and background field E ex of 5 kV/mm for 0.45-MPa SF 6 were assumed. Accordingly, a protrusion height and a radius of 1 mm would be needed for the supply at an average of one electron per 4-h time interval. A lower radius-to-height ratio would even increase the required protrusion length to form the same critical volume. By comparing these dimensions with the surface topologies of the sample and the electrode presented in Section 2.1, direct ionization appears to be highly unlikely. Therefore, c), field emission was considered dominant for the starting electron supply at the metal cathode. This conclusion holds true if the peaks formed with a significantly higher current density during the experiments using a sandblasted electrode at a negative voltage polarity could be attributed to the micro tips at the HV electrode. Accordingly, the following conditions must be fulfilled: 1) either the insulating sample surface does not significantly contribute to the charge generation, or 2) if it does, the charge generation at the sample does not show significant polarity dependence.
DISTRIBUTION OF CHARGE SOURCES AT ROUGH INTERFACES
INCEPTION OF CHARGE GENERATION AT THE INSULATING INTERFACES
In contrast to the classical ion current measurements, which are often used to characterize charge generation from rough metal electrodes, the surface charging experiments also allowed investigation of the charge-generation processes at the insulating interfaces.
The experiments presented in Section 3.2 clearly indicated that the observed charge pattern originated from the charge generation or injection at the insulating sample. The surface charge accumulation, which was unipolar with respect to the applied voltage, was attributed to charge generation and transport in the gas starting from an electric field of 3 kV/mm. In contrast to recent studies [10, 11] , which discussed surface charge accumulation in field arrangements without macroscopic protrusion, the charge accumulation in our study appeared to be highly inhomogeneous. In contrast to the experiments conducted using a rough HV electrode, no significant influence by the voltage polarity was observed. Nevertheless, the number of charge sources and the charging current considerably increased under an electric field of 5 kV/mm, which was independent of the voltage polarity. Similar charging phenomena were described in [5] . Whereas the authors in [5] explained the charge accumulation at the insulator surface with tiny metallic particles adhering to the interface, which were visible without a microscope, no macroscopic pollution was found in our work. However, the suggested explanation cannot be finally excluded. Considering that the peaks did not show a continuous increase, more details are presented in Section 0 where some uncertainty remains. This raises the question whether all peaks are due to scattered surface inhomogeneous at the sample that show discontinuous charge generation or if some are due to loose impurities.
Interestingly, in Figure 9 , a higher number of peaks are observed for larger radial positions that are summarized in Figure 11 . Figure 12 shows the electric field per applied voltage evaluated at the gas side of the sample surface and at the HV electrode. Whereas the normal component of the electric field slightly decreased, for surface radii larger than 25 mm, the tangential field increased. This could indicate that the tangential, rather than the normal, component of the electric field played an important role in the charge generation at the sample surface. On the current basis, no clear conclusion can be drawn, and further investigations are required. We need to mention that the active gas volume, spanned by the electric field lines that electrically connects the HV electrode to the sample surface, also slightly increased with larger radial positions due to the curvature of the HV electrode. This condition might increase the number of negative ions supplied by natural ionization, which drift to the critical volumes at the anode and potentially supply starting electrons by detachment. At any field, the charging currents at an insulating cathode are measured to be slightly higher than at the anode. According to Section 4.1, the estimated electron supply by natural ionization in the critical volumes can be neglected. This supports the conclusion that field emission and charge multiplication from an insulating cathode cause higher charging currents than an insulating anode. Electrostatic field in the absence of surface charges evaluated using finite element simulations at the gas side of the sample surface and a polished HV electrode of 45-mm radius.
SURFACE CHARGE ACCUMULATION FROM PROCESSES IN THE BULK
Recent studies have indicated that under technical conditions, the processes in the bulk are most likely to dominate the surface charge accumulation in the insulators when additional charge generation at the interfaces is neglected [10] . For electric fields ranging up to 0.07 kV/mm, which is considered to be sufficiently low to suppress charge generation at the interfaces or inhomogeneous conduction, the bulk conduction was characterized to be ohmic and homogeneous [10] . In Figure 7 and Figure 8 , single inhomogeneities that originated from the bulk were observed for electric fields of 0.17 kV/mm and higher in the sample. Whereas this behavior indicated that the peaks were due to inhomogeneous charge generation at the solid side of the sample surfaces (either toward the contact to the GND electrode or the topology of the interface with a gaseous domain), the peaks surprisingly quickly disappeared after switching off the voltage. According to Section 3.2, a 2-h waiting time between experiments was sufficient to reestablish these charged maxima, which were bipolar with respect to the applied voltage.
AMPLITUDE AND TEMPORAL FLUCTUATION OF CHARGE GENERATION AT THE INTERFACES
From the examination of the surface charge pattern formed during the charging experiments using the polished HV electrode as a function of time, as shown in Figure 8 , obviously, most of the peaks measured after 12 h did not continuously increase in all 4-h intervals. This observation is strengthened by comparison with the subsequent measurements at 6 kV/mm, as shown in Figure 9 . Some peaks that did not increase in the 5-kV/mm experiments did not appear during the next 12-h charging period, which raises the question on how continuously the micro discharges from rough interfaces contribute to the surface charge accumulation at the insulators. Figure 13 shows the charge densities of each peak formed during long-term experiments by dividing the charge integral by the peak extent. Maximum charge densities were observed for peaks P2 and P3 for the positive and negative voltages, respectively. When the sample was charged with a negative HV, a sharp increase in the charge densities was found in almost all peaks. Subsequently, most of the charge densities decreased while HV was still applied. This result indicates that during the quick increase, more charges than needed to shield the charge sources at the interfaces were accumulated. Even a slight charge decrease mostly did not reactivate the chargegeneration process. Only a few peaks exhibited a second rapid increase in the charge density once it decreased to a certain value.
The experiment conducted using positive HV showed a different behavior: a rather continuous charge accumulation was observed over 400 h. Only P1 exhibited a sharp density increase after a 16-h charging time followed by a decreasing charge density. More short-term charging behavior was revealed within the 12-h charging intervals conducted using a polished electrode and an E ex of 5 kV/mm, as discussed in Section 4.2. Moreover, for almost all peaks formed during the long-term experiments using a rough aluminum electrode and positive HV, occasional charging periods with constant or decreasing charge densities were measured. Therefore, the charge generation at the interfaces can be considered to be highly discontinuous.
We compared the 4-h charging currents at each peak positions, as shown in Figure 14 , with the overall current density. A huge difference was revealed between the microscopic and mean (macroscopic) current densities. Even the mean of the local charge accumulation, considered as the average of the current densities in all peak positions, exceeded the overall value by one order of magnitude. A closer examination of P1 even revealed local current densities that were up to 1000 times higher than the mean value of the overall surface. 
CONCLUSION
This paper has presented an experimental study on microscopic interface processes in a gas-insulated system. From the experiments conducted in a homogenous field arrangement, analysis of the charge-generation processes at technically rough aluminum electrodes and non-conductive surfaces of Al 2 O 3 -filled epoxy resin insulators yield the following conclusions.  The charge generation from micro protrusions at rough interfaces is found to be a highly inhomogeneous, even from a macroscopic point of view. The local charge generation may exceed the mean value, which is expected to be derived from classic continuous ion current measurements, by up to three orders of magnitude. Therefore, modeling the charge generation from rough interfaces with a spatially homogeneous current density is not possible.  The measurements of technically rough metal electrodes exposed to a homogeneous electric field of 5 kV/mm suggest that micro discharges at the metallic cathodes lead to significantly higher charging currents than those from the anodes. Considering that the direct starting electron supply due to natural ionization is rather unlikely in the critical volume of surface protrusion, we conclude that the enhanced charge generation at the metallic cathodes is due to field emission.  The charge generation from rough interfaces is a highly discontinuous process. Whereas in some 4-h intervals the charge sources significantly contribute to the surface charge accumulation at the insulator, in other time intervals ranging up to 20 h, no discharge activity is observed at these positions.  Under technical conditions, in addition to charge generation at the protrusions of rough metal surfaces, micro discharges at the insulator surfaces are found to be potential sources of inhomogeneous surface charge pattern. Starting from an electric field of 3 kV/mm in 0.45-MPa SF 6 , the surfaces of Al 2 O 3 -filled epoxy resin insulators contribute to the charge generation in gas-insulated devices.  No significant polarity dependence is found in the chargegeneration processes at the insulating interfaces. This result indicates that for micro discharges at the insulators, which are measured using electric fields below 6 kV/mm, the starting electron supply from field emission plays a much less important role than for the charge generation at the metallic cathodes.
